The mechanism of field emission from a metal surface was well explained based on the quantum mechanics in early 20th century. Since then, various materials have been studied for field emitters. However, so far, we have been using only limited materials as a field emitter and an application in some area requires further scientific understandings and technological advancements. In this paper, we review the current status of researches in field emission and emission phenomena of carbon nanotubes (CNTs). This may include current saturation induced by gas adsorbates, screening effects, high current emission, degradation of emitter, and field enhancement factor. We also introduce the present status in the development of various CNT-based field emission devices and discuss their performances. In this part, various potential applications such as field emission display, ionization gauge, X-ray gun, and lamp will be presented.
Introduction
It was about five years after the discovery of CNTs by Iijima when de Heer and his colleagues studied the field emission using carbon nanotubes (CNTs) for the first time. 1, 2 In the 90s, field emission society was attracted to hydrogen-terminated diamond thin films that showed negative electron affinity (NEA). In addition, other types of wide bandgap semiconductor (WBGS) exhibited NEA also. 3−6 Due to the unique band structure that the vacuum level located below the bottom of conduction, the electrons in the conduction band of diamond film are expected to leave the surface easily without any external energy to overcome surface potential barrier. However, these materials have a serious bottle neck, a wide bandgap. In conduction band of wide bandgap emitters, there are not many electrons available for field emission.
CNTs are another type of carbon emitter like diamond and diamond-like carbon (DLC). Surprisingly, their shape is very unique and the emission properties are far superior to the conventional carbon emitter: low turn-on voltage and high emission current. Such astonishing characteristics of CNTs may be subjected to several physical and chemical properties of sp 2 networked carbon atoms, in particular their nanometer scale dimensions. In these days, various nanowires such as SiC, SnO 2 , Si 3 N 4 , ZnS, ZnO, and even organic emitter like polypyrrole are introduced through various deposition methods. [7] [8] [9] [10] [11] [12] [13] The inherent narrow diameter of nanomaterials helped to develop stronger and more concentrated electric field at the end of nanowires. For the geometrical shape of nanometrials, the observed turn-on voltage for field emission from various nanomaterials is now below 10 V/µm. This is significantly lower than that from the diamond, NEA materials, and semiconductor materials, showing several 10 V/µm.
Various newly introduced nanostructures could provide the wide selection in emitter materials. Among the above nanomaterials, CNTs have shown better emission properties. Energetically strong sp 2 bond of CNTs accompanying high electrical and thermal conductivity is quite fascinating materials for field emitter. The first field emission study by de Heer and his colleagues have ignited worldwide researches in this field. Since then, there are numerous literatures reporting the field emission properties of CNTs. In this review paper, we have categorized them into several areas: cathode fabrication methods, field emission properties, enhancement of field emission, and applications. In each topic, we are going to discuss the recent trends and the current status of researches. The present status in the development of various CNT-based field emission devices will be introduced with their characteristics.
Cathode Fabrications

Chemical vapor deposition
The refractory metals such as W, Mo, Nb, and Ta were thermally evaporated through micro-hole arrays and the deposition of these metals resulted in conical microtips under a gate electrode, Spindt structure. Depending on emitter materials, cathode fabrication adapted different approaches. For instance, CTNs-like fine powders cannot be evaporated through micro-hole arrays. Therefore, many different ways have been tried to check the adaptability of each method. The growing understanding on growth mechanism in arc-discharge and laser ablation method enables researchers to shift to chemical vapor deposition (CVD) with which a low growth temperature and a large area growth become accessible. The growth of CNTs using CVD method was firstly demonstrated by Endo et al. 14, 15 CVD growth is more adaptable for the applications of field emitters compared to arc-discharge and laser ablation synthesis. However, the alignment of the CVD-grown tubes was so poor. Later, CVD-grown CNTs with a better orientation was accomplished on mesoporous media by Li et al. 16 In CVD approach, catalyst metals such as Ni, Co, Fe, and Y are still one of the essential parts in the growth like arc-discharge and laser ablation, but differently they can be deposited on the substrate or the support using various methods. [17] [18] [19] During the growth process, hydrocarbon gases such as CH 4 , C 2 H 2 , and C 2 H 4 are introduced in a reaction chamber at 500-1000 • C. Catalyst metals decompose hydrocarbon gases and carbon atoms precipitate into the catalyst. This forms a eutectic alloy, from which the growth of tubes begins. This is the well known vapor-liquid-solid (VLS) growth mechanism. 20 The grain size of catalyst is crucial for not only the density of tube, but also the diameter of tube. CVD can grow MWCNTs and SWCNTs in these days in a preferential direction using different remedies for catalyst particles and further, it
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allows the controllability over other growth conditions. However, the complexity of growth parameters such as temperature, flow rate, catalyst metal, gas species, pressure, and grain size of catalyst metal can cause a very wide diversity in tube structure, diameter, density, length, and crystal quality.
For instance, Figs. 1(a) and 1(b) show an effect of Ni-film morphology on the tube density. The Ni-film, Fig. 1(a) , which was heat-treated at 650 • C exhibits uniform grain sizes which resulted in a high and uniform tube density. But, in Fig. 1(b) , on the Ni-film that was heat-treated at 700 • C, the grain size is not uniform and the tubes density is not homogenous either. The above result indicates that the tube diameter and density is subject to the morphology of Ni-film. In the case of film deposition of catalyst, a high density of CNT, about 10 8 tubes/cm 2 , is observed. 21 Closely packed tubes have no space to deviate from a vertical direction so that they all grow in a direction normal to a substrate. This is called steric hindrance. Figure 1(a) shows a cross-sectional image of thermal CVD-grown MWCNTs. Each tube is curvy at local, but overall, all the tubes extend upward.
However, such a high density of CNTs adversely induces a field weakening at the tip, the so-called screening effect. We will discuss more details about screen effect later. To optimize electric field, adjusting tube density is necessary. In CVD method, the patterning of catalytic film is used to reduce screening effect by invoking the edge effect from each pattern. Another way of controlling tube density is to print catalyst particles using a stamp. This is referred to as micro-contact printing (µCP). A MEMS (micro-electro-mechanical-system)-designed polydimethylsiloxane (PDMS) stamp transfers a self-assembling material (SAM)-forming ink. Transferring catalyst particles is made by compressing an elastomeric stamp against the substrate after dipping the stamp into the ink or placing a droplet on the stamp. For the ink, they used catalystcontaining solution. [22] [23] [24] The µCP is simple and scalable. One can easily change concentration of the ink and generate reproducibly the same pattern over a large area. Bonard et al. have examined the correlation of concentration of catalyst ink to CNT growth. Up to a certain concentration, the orientation of CVD-grown CNT becomes better along the vertical direction and then, CNTs do not grow above the optimum concentration. 25 More systematic study on the correlation between the electric field and tube-tube distance will be addressed later.
Depending on growth conditions and decomposition means of hydrocarbon, the number of wall, crystalline quality, tube density, and growth model showed wide variations. For instance, microwave plasma-enhanced CVD (MPECVD) is able to grow CNTs near 450 • C, which is much lower than the typical growth temperature of thermal CVD, 700-800 • C. The low temperature growth of MPECVD is more advantageous than thermal CVD because of the direct applicability of a sodalime glass for FED. However, a recent achievement made by Dean's group in Motorola Co., showed that thermal CVD grew successfully MWCNTs on a glass substrate of 4.6 inches in diagonal. 26 Their CVD chamber consisted of arrays of hot filament that thermally broke hydrocarbon source and heated up a substrate with a high spatial localization. So, no amorphous carbons were deposited on surrounding parts of emitting areas. In addition, activation processes like rubbing and taping is unnecessary. This implies one step of significant advancement of CVD method, whose growth temperature has been continuously pointed out as a bottleneck in a display application. 
Screen printing
Instead of direct synthesis of emitters on a substrate, Choi et al. deposited CNTs using a screen-printing method, which might be suitable for low cost, mass production, and easy scalability. 27 In this approach, ready-grown tubes were purified and then, mixed with organic binder and vehicle. Then, CNT paste was pressed into a metal mesh on a substrate. Thereafter, burning of organic binder in the paste at about 450 • C followed. Adding photosensitive resist in the paste helps to fabricate fine patterns by taking advantage of a convention photolithography. 28 For an uniform emission, CNT powders have to be dispersed homogeneously in organic vehicle and binder. For vehicles, they use ethyl cellulose or nitro cellulose. The organic materials need to have a certain degree of viscosity and fluidity for screen printing. Although solvents with a boiling temperature above 200 • C such as Terpineol (TP), Texanlo (TX), Butly carbitol acetate (BCA), and Butyl carbitol (BC) are added to adjust viscosity, more than one solvent are employed to display optimum property since each solvent has unique properties. For instance, TP is somewhat viscose, so dispersibility is low. In this case, adding BAC would improve printability. Since the vehicle is still viscous, mixing CNT powder uniformly within such a viscous medium requires a mechanical roll milling. After blending CNTs, vehicle, solvent, and binder, thermal treatment proceeded to burn out vehicle and melt down binders. 29 In CNT paste, binder plays an important role in anchoring CNTs on the substrate. As to binding materials, inorganic binder like glass frit has been used. A thermal treatment near melting point of glass frit is proper. To improve adhesion of CNTs on the substrate, only slight melting of binder, the so-called softening, is optimum. A temperature above the melting point of binder will boil binder and it will eventually coat CNT emitters. 30 If the temperature is too low, the binder did not melt, so they are unable to fix tubes on the substrate. In addition, the melting point of glass frit, commonly used inorganic binder, is above 450 • C. However, unfortunately, SWCNT burns near this temperature in air. In addition, metal particles like PbO x in glass frits catalyzed a burning of CNTs during thermal treatment. In consequence, CNT burning can take place at a lower temperature than thermal treatment.
Because of high melting point of inorganic binder, solution type binder was mixed in a roll milling step. Therefore, no high temperature heating is necessary. Choi et al. adapted spin-on glass (SOG), which is composed of methyl siloxane polymer, acetone, ethyl alcohol, isopropyl alcohol and water. This liquid phase binder formed a layer of glass whose characteristic is similar to SiO 2 when it was cured. 31, 32 For melting inorganic binder, thermal treatment time is influential on field emission properties and surface morphology of cathode.
CNT paste is composed of CNT powder, binder, vehicles and solvent. Mixing ratio of each ingredient significantly changes the fluidic property, which is strongly correlated with resultant surface morphology. In addition to the ratio, thermal treatment condition can severely modify crystalline quality and the contact property, and electrical and thermal properties.
In a SEM image in Fig. 2 , the cathode surface is occupied with molten binder and protruding CNT emitters. In the figure, there are many pores. 27 The pores among inorganic binders can contribute to out-gassing source. The conducting path from the electrode to emitter may be consisted of serial connections of binders touching each other. Furthermore, the contact nature between CNT and binder is not well understood.
This configuration would slow down the heat dissipation that generated while a device is operating. The complexity existing in the printed CNT paste might have been obstacles in understanding device characteristics and physical, chemical, and mechanical properties of printed cathode. 
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Controlling emission properties requires intensive studies in the future.
Dielectrophoresis, dip coating, and spray
In dielectrophoresis, the bias between a substrate and counter electrode attracts and deposits CNTs in a solution to the electrode. 33, 34 Since CNTs do not carry any charges, Mg(NO 3 ) 2 · 6H 2 O was added to induce surface charges on CNTs. Under the electric field, the attractive force is proportional to the gradient of electric field. Thus, the deposition is most favorable at sharp edges. The deposition rate under DC bias depends on tube concentration, ion concentration, and applied electric field. In addition, the attachment of CNTs on the substrate is strong enough that no adhesion layer was needed.
One problem in dielectrophoretic method is that once deposition occurs at sharp edges, the following deposition occurs at the same spot. Therefore, the uniform distribution of emitters over a large area needs a patterning on a cathode. In a spray method, CNTs in a highly volatile solution was sprayed onto a substrate using a narrow nozzle. Thus, no droplet can form on the substrate since the solution dried quickly. 35 After spray, a thermal annealing to enhance the adhesion between a substrate and CNTs was followed. For the adhesion, Bower et al. have used iron as an adhesion layer. 36, 37 Fe, Ni, Co, and Nb have been known to form a covalent bond with carbon as those metals are annealed near 800-900 • C. 38 Due to covalent bond nature between CNTs and transition metals, the adhesion of CNTs to a substrate is strong. On the contrary, Lim et al. have used a low melting point metal such as In and Sn. Unlike those metals used by Zhou's group, In and Sn have no unoccupied d orbital electrons. Thus, the contact nature in these metals does not show covalent characters, but it exhibits a dipole-dipole interaction. Furthermore, the high surface tension of these metals is not capable of wetting tubes. However, a post-annealing to enhance the adhesion property introduced In oxides, which significantly lowered surface tension. Wetting by In oxides provides a stable emission due to good wetting. 39 However, the oxide layer increased a turn-on voltage. In Fig. 3 , three different tubes: SWCNTs, thin-MWCNTs, and MWCNT, are incorporated into a cathode using a spray. Depending on the type of tube, the cathode exhibited different film morphology which resulted in dissimilar emission properties. In the figure, thinMWCNTs show a field enhancement factor comparable to SWCNTs and their emission stability competitive to that of MWCNTs. Furthermore, liquid phase deposition of CNTs on the substrate has been successful demonstrated. For instance, dip coating is easily scalable and feasible for a selective deposition. In dip coating, the patterning of a substrate is feasible through selective chemical treatments. Each zone terminated with different functional group can have a preference and a different deposition rate to the substrate dipping. Distribution of CNTs in a solution is the most crucial factor. Except for the distribution, the viscosity and concentration of solution, dipping and lifting velocity are influential parameters determining the deposition rate. Figure 4 shows a cathode substrate prepared with different number of dipping laps. The tube density creases in proportional to dipping times. However, the proportionality improved after 60 times. Song et al. reasoned this for CNT layers formed earlier. 40 
Field Emission Properties
Field enhancement factor (γ)
In Folwer-Nordheim (F-N) equation, the physical parameters that affect the effective tunneling barrier at the interface between a metal surface and vacuum are work function and field enhancement factor. Work function, an intrinsic physical constant of emitter materials, could be an important criterion for the selection of material. However, previous emitter materials such as Mo, W, Si, and Diamond, have work function between 4.5 and 6.5 eV. This means that another physical property can play a more important role. For instance, in F-N equation, the contribution of work function on field emission current is only a few percents. In work functionaspect, CNT is not a good choice of material as well since its work function is about 5.0 eV. Therefore, what makes CNT a strong candidate for field emission is the shape. A few nm in diameter and a few µm in length contribute to high aspect ratio, which reduces the threshold voltage for emission from 1000 V/µm to several V/µm. Field enhancement factor measured from an ensemble of CNTs on a substrate is about
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1000-3000 for MWCNTs. When SWCNTs are placed inside an electric field, their amplification factor (γ) that was estimated from F-N plot is about 2500-10 000. 41 The higher field enhancement factor of SWCNTs is attributed to a smaller diameter. Contradicting to such a high field enhancement factor, Bonard et al. also reported that the efficiency of field amplification can change significantly regardless of tube diameter and the source of the discrepancy was studied using manipulator inside a SEM. 42 As shown in Fig. 5(a) , after approaching the W tip to an isolated CNT, voltage is applied between CNT and W tip. In comparison of apparent γ measured from microscopy with effective γ deduced from F-N plot, the field enhancement factor of many CNT emitters is found to be smaller than what was extracted from the ratio of height to diameter of tube, as shown in Fig. 5 (b). The amplification factor ranges only several hundred. Jeong and his coworkers, using a similar manner, also investigated the variation of local field on the surface of vertically grown and patterned MWCNTs. 43 The electrical field is stronger at the edge of each pattern rather than the center of it. At the center of a pattern, closely packed CNTs are not effectively exaggerating an applied field. This is a screening effect, diversion of electric field by tubes in adjacency. Therefore, such a high γ reported from CNT emitters on a substrate is sampled from extraordinary long and protruding individual emitters, which are well isolated from their neighborhood.
If a high emitter density gives a negative effect by lowering a turn-on field, how far do we have them apart? Answering this question definitely requires the capability to control tube length and position each individual tube. To elucidate the relation between amplification efficiency and cathode geometry under electric field, Suh et al. fabricated anodized aluminum oxides (AAO) template, which was composed of arrays of pores. 44 In AAO template, pore diameter and pore-pore distance were well controlled by the anodizing process. 45 On the AAO template, CNTs were grown by CVD method. The ratio of tube height to tube-tube separation gradually changes by changing the tube height. The γ became highest as the tube-tube distance are comparable to the tube height. Then, it decreased as the ratio was greater or less than unity.
Opposing to a general belief that tubes have to be aligned along the electric field to maximize the field amplification, tubes that are laying on a substrate shows as a comparable emission performance to those aligned in a normal direction. The high emission current from tangentially-aligned tubes is expected to be caused by numerous defect sites along the tube wall. 46 
Current suppression
In F-N plot, a linear region with a moderate slope is a representative characteristic of tunneling process assisted by an external field. However, CNTs under electric field showed the deflection of a linear slope as the applied field becomes higher, i.e., the decrease of the slope in the F-N curve. This slope change is very reproducible, implying that a reversible process is involved instead of a permanent physical deformation of CNT cap.
Lim and his colleagues have observed a hysteresis in F-N plots that was triggered by slope changes during a rise-and a fall-sweep. In Fig. 6(a) , a hysteresis persistently appeared regardless of the number of high voltage annealing. This indicates that the hysteresis is not attributed to the variation of emission site from each high voltage annealing. In Fig. 6(a) , the deflection of F-N plot in a rise-sweep is contributed to gas molecules on the surface of CNT cap that desorbed at high bias voltage. Once gas adsorbates are removed, the slope of F-N plots does not change in a fall-sweep. 47 For the desorption of gas adsorbate, the resistive heating by a large emission current has been reported to be responsible. 48 As the applied bias increases, the emission current grows and heats up the very end of tube. As a consequence, a large emission current cleaned up the surface of CNTs. In a fall-sweep, the clean CNT tip emitted electrons. The influence of gas adsorbates on the emission current and cap geometry has been well visualized using field emission microscopy (FEM). [49] [50] [51] At a low bias voltage, emission currents are stable and FEM image is motionless. As the increasing emission currents start to heat up the cap resistively, the emission currents fluctuate and FEM images do as well. At even higher bias voltage, a complete desorption of gas adsorbates on the cap is observed with the significant current decrease and pentagon structures. For desorption of chemically bonded gas species, the cap temperature is expected to be above 1000 K. 51 Upon a release of gas adsorbates, the emission current always showed significant current drops. It implies that the presence of adsorbates may help electrons to tunnel to vacuum through the surface potential barrier. According to theoretical calculation by Kim et al., the gas molecules on CNT cap produce strong localized states near Fermi level. 52 The localized states are lined up with Fermi level of CNTs and resonantly enhance the tunneling probability of electrons to vacuum. Saito et al. closely examined the change in emission current upon the desorption of gaseous impurities on CNTs inside FEM. 49 Gas adsorbates favor the pentagon site for the adsorption. Upon the removal of adsorbates, clean hexagon and pentagon sites are observed in FEM.
The effects of each gas species on electronic structures and resultant field emission properties have been studied experimentally and theoretically. Among the gas molecules, oxygen gave more prominent influences than the other gas species. Oxygen remarkably shifts the turn-on voltage to higher voltage with a significant reduction in emission current. Furthermore, these effects are not reversible that the emission currents degrade permanently after oxygen exposures, as shown in Fig. 6(c) . Such irreversible process is responsible for an erosive etching of oxygen gases at the tip area.
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Kim et al. examined the modification in electronic structure due to environmental gases like hydrogen, nitrogen, and oxygen molecules. In case of oxygen, the gas with stronger electron affinity suppresses the emission currents by creating a dipole layer towards the tube inside the edge of the tip. For hydrogen gases, the weak electron affinity of them allow the gases to donate electrons to the tube. Thus, the emission current is supposed to promote. However, experimental results show no significant changes, which is similar to the result in Fig. 6(d) . This may be attributed to the absence of resonant states even though adsorption of hydrogen gases shifts the Fermi level towards the conduction band. Nitrogen gases are supposed to be rather intact comparing to other gases, since the binding state to the edge is relatively weak and the dipole strength is not strong due to a small charge transfer. 53 However, the changes occurred by nitrogen gases in Fig. 6(b) is more severe than the theoretical expectation. This may be due to small amount of oxygen inside the chamber.
Another ambient environmental gas species is water vapor. Water, both molecules and ions on the cap, always increase the emission currents. Maiti and his colleagues have assessed the influence of water molecules that exist on the cap. 54 On a closed tube, polar water molecules form complexes stable up to several hundred degrees, with corresponding decrease of ionization potential and stability of HOMO orbital. So, with the presence of water vapor, electronic structures transform into a more favorable states. Instead of molecule structure, the residence of water fragments such as H and OH ions on the open edge of armchair and zigzag tubes is theoretically well simulated by Hwang and Lee. 55 In modified electronic states, Fermi level shifts towards the conduction band by 0.14-0.17 eV. This leads to lowering an applied field for electron emission for both armchair and zigzag tubes. The effect is more substantial in the zigzag tube by introducing additional states near the Fermi level. However, after a long period of exposure, water molecules also degraded the field emission properties. This may be due to oxygen atoms in water molecules.
High current emission
In electrical transport studies, although it depends on the tube diameter and quality, the threshold current that a SWCNT can withstand in air is a few decades of µA, corresponding to 10 9 A/m 2 . 56
This current density is about 1000 times higher than that of copper. The threshold current increases in proportion to a tube diameter and the number of wall. Besides high electrical conductivity, thermal conductivity of CNTs is comparable to that of graphite, which is greater than diamond. 57 In transport studies, multiple carbon layers can participate in conducting electrons, resulting in a large current flow. In field emission, even though each carbon layer participates in electron emission, electrons from inner wall eventually should conduct to the outermost wall. Therefore, the threshold current in field emission is presumably dominated by only the outermost wall. The highest emission current from a single CNT tip is only about a few µA. Yet, this valve is still much higher than conventional emitters. During the field emission, the information about the temperature at the cap of CNT can be obtained from total energy distribution (TED) curve of emitted electrons. In addition, spectral analysis of light emitting tip can deliver the information about its temperature. Purcell et al. have studied the total energy distribution of emitted electrons as a function of emission current. 58 As the current increases, TED becomes broader and linearly shifts to lower energy due to a resistive heating. As shown in Fig. 7(a) , at the emission current of 1.3 µA, the tip temperature easily reached near 2000 K, what is surprising is that CNT still showed a stable emission. Such a glowing CNT tip has been confirmed by black body radiation characteristics by Sveningsson et al. 59 In case of metal emitters, tip temperature near 2000 K would cause the migration of surface atoms to the very end of tip, a gradual stretching of tip along the electric field. Much shaper tip geometry even intensifies the applied electric field and emits more electrons. This avalanche effect eventually results in a sudden melting of tip, a vacuum breakdown, by surging emission currents. It is literally amazing that glowing CNT tip still remains stable without disintegration of carbon atoms from the cap.
As the emission current continues to grow, other emission mechanism goes into an effect, thermionic emission. The portion of thermally emitted electron in total emission current depends on field strength, work function, and tip temperature. CNTs tip under an electric field start deviating from field emission mechanism as the tip temperature reads near 750 K, as shown in Fig. 7(b) . 58 To describe the emission behavior above the temperature needs a modification in F-N expression. Depending on the physical parameters like work function, temperature, and field strength, the emission mechanism can be categorized into three region: field emission, thermal-field emission, and thermionic emission. As the field keeps increasing, firstly, field-driven emission initiates. Then, resistive heating gradually elevates tip temperature and at high emission current, thermionic emission dominates. Between field and thermionic emission, there exists a narrow transition zone, which is called thermal-field emission. 60
Degradation and failure of field emission
Depending on the cause of degradation, we can categorize it into two area: chemical and physical modifications. In chemical modifications, the emission properties go into variations due to chemical adsorption of gas species on the surface of emitter. Thus, the electronic structures of emitter surface vary. Therefore, current saturation by gas adsorption is an example of chemical modification. As to physical modification, the shape of tip changed due to resistive heating, ion bombardment, and electrostatic stress. The change of cap structure during emission process has been investigated by several groups in situ using transmission electron microscopy (TEM) or scanning electron microscopy (SEM). [61] [62] [63] In many cases, the cause of variations in emission properties can be found in physical modifications. The area of geometric changes covers not only near cap region, but also side wall of CNT. The observed physical changes of CNT include cap opening, cap closing, fracturing, splitting of bundles, sharpening of cap, removing impurities on side wall, and voiding the inner space. The detail mechanism of cap opening and closing tubes are not well understood up to date. The proposed corresponding mechanisms for cap opening are resistive heating, ion bombardment, and oxidative etching. In case of resistive heating, carbon atoms on the cap evaporate abruptly at high temperature. Thus, opening due to resistive heating is triggered by high emission current. The magnitude of tip-opening current changes tube to tube. However, through many TEM observations, the emission current over several microamperes is large enough to rupture the cap structure.
The evaporation of carbon atoms at the cap usually ends up with an open structure. Specifically, this phenomenon is frequently observed in rather large diameter tubes and MWCNTs. In case of SWCNTs, the aftermath of cap opening would be different. In SWCNTs with a small diameter, the dangling bonds at the open edge close itself immediately through the interactions of carbon atoms across the tube. The interaction among adjacent carbon atoms is also reported to occur in MWCNTs through lip-lip interactions. 64, 65 The interlayer interaction between carbon atoms may be a pathway leading to energetically stable configuration by reducing dangling atoms. It might explain an observation of more stable emission from closed tubes than open tubes. 61 
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During high current emission, gradual erosion of CNTs initiates from cap area and moves down along the tubes. The propagation of evaporation of carbon atoms continues until a strong local field on the cap is weaken by neighboring tube, emerging of a new tube to equi-potential line, as shown in Fig. 8 . 63 In the figure, the erosion process ceased when the gap between anode and tip is almost same on two neighboring tubes, as indicated by a guide line.
While field emission is proceeding, the current flow favors the outmost wall since the layer makes a direct contact with electrodes. A large current flow through the outmost layer eventually destroys the graphene layer and the current propagates into a next outmost carbon shell. As the process continues, a tube becomes thinner by a peeling off process layer-by-layer. In a case of bundle emitter, it is expected that the disintegration of carbon layer could initiate debundling because the walls touching with other tube is being removed. In TEM observation, de Heer and his colleague have observed a peeling off of outmost layer under high current emission. 66 Another splitting mechanism is electrostatic force exerting on tubes. The electrostatic force tore a bundle and cut a tube into small pieces. 67 Also, one of the interesting phenomena is an ejection of inner tubes. It is generally considered that, in MWCNTs, only outmost wall or a few outmost layers are under an influence of electric field since metallic tube electrically insulated the inner side. Therefore, innermost wall could be electrically isolated from the external field. Further, the telescoping motion of MWCNT is reportedly to be known frictionless. 68 However, de Jonge and his colleagues have observed that the inner walls of open MWCNTs are extracted at high electric field. Then, the inside of MWCNT becomes vacant. 67 Understanding degradation mechanism requires further systematic studied. However, what makes our understanding more difficult is that all the above phenomena are correlated to each other and sometimes come into effect simultaneously. For instance, high emission current requires high applied field and results in a large amount of charged particles bombarding the cap.
In some case, the mechanical failure of CNT happened at the beginning of field emission. In the situation, the emission current is not high enough to evaporate carbon atoms. In this case, any mechanical weakness along the tube turns into a threat that abruptly truncates tubes since CNTs are subject to high electric field. CVD-grown tubes are more defective than arc discharge or laser ablationgrown tubes because of its low growth temperature. Because of defects, CVD-grown tubes grew curvy. Bonard et al. have reported that the tube diameter did not show any relevance to breakdown voltage. 69 They claimed that this was caused by random distribution of defects inside CNTs.
If defects can cause fluking of tubes, a poor adhesion of CNTs to a substrate can give a similar result. In CVD-grown CNTs, they are founded on a substrate via a catalyst. Therefore, the contact area is only an order of tube diameter. However, once again, Bonard and his colleagues were not able to generalize the relevance of diameter with adhesion strength from CNTs on a substrate, that is, tubes with a larger diameter did not show better adhesion than tubes with a smaller diameter. It was attributed to growth conditions and types of catalyst. In case of screen-printed emitters, the adhesion nature between CNTs and inorganic binders needs to be well understood. 69 
Enhancement of Field Emission
Doping of carbon nanotubes
Doping has been used for semiconducting emitters such as silicon and diamond in order to enhance field emission properties by both alternating the band structure and promoting crystalline quality. [70] [71] [72] In doping of carbon materials, the most commonly used dopants are boron and nitrogen since they can easily replace carbon atoms during the growth process. Boron is known to be p-type dopant so that it decreases the emission current. 73 On the contrary, nitrogen as n-type dopant is expected to enhance the field emission properties. In CNT doping, the doping significantly influences the tube structure and film morphologies. In many cases, nitrogen doping results in bamboo structures with many defects sites. 74 Doytcheva et al. studied the field emission properties of nitrogen-doped CNTs inside TEM. Their study revealed that the N doping did not change the work function. Therefore, the enhanced emission properties of nitrogen-doped CNTs could be dominated by both a morphological effect and the defect states near Fermi level. 75 Unlike boron and nitrogen, alkali metals like Cs and Na were used since these metals readily donate electrons to host materials. 76, 77 However, these doping materials are subject to chemical modifications. 78 
Post-treatments
In previous sections, various cathode fabrication techniques have been introduced. In each method, there are always advantages and disadvantages. For instance, spraying tube is easy, but always ends up with excessive tubes on cathode. Therefore, a step to remove the surplus tube is necessary. Posttreatment is a process to improve the emission performance after making a cathode. The postprocesses that have been reported so far include laser irradiation, plasma exposure, thermal treatment, ion bombardment, oxidation, taping, and so on. Each treatment has a unique effect, but has a common goal, the enhancement of device performance. The way of treatment is strongly depending on how the cathode was prepared. Since the cathode morphology considerably varied from one method to another, post-treatment is supposed to reflect the nature of fabrication techniques to compensate deficiency of each method. Thus, it is not easy to which way is most effective. In this review article, instead of making a direct comparison, the authors want to address the effects of each post-treatment.
After plasma treatments, many studies reported improvement in turn-on voltage, emission current, and uniformity. [79] [80] [81] [82] In plasma etching, several parameters are involved. The power, exposure time, and types of plasma source closely related with a resultant film morphology. In general, plasma etches carbon atoms at the tip and then, tip becomes open. The controlled etching might selectively remove protruding tubes and homogenizes the film surface. Thus, the etching by exposing to energetic radicals can produce a positive result with enhancing emission current and stability to some extent. But, excessive etching yields too much amorphous carbons and deposits them near a tip area. This over-etching adversely degrades the emission performance. Besides exposure time, to balance sputtering and depositing carbon atoms, it is necessary to use a combination of more than one gas species so that heavy gas molecules physically pound the tube and then, reactive gas molecules etch away the debris. Furthermore, using CF 4 plasma leaded CNT to bundle. 80 Thus, the effective tube density changed and bundling can reduce screening effect.
Instead of exposing a substrate into the shower of energetic radicals, a simpler method that can trim off the surface of CVD-grown CNT film was introduced by Jeong et al. 83 They deposited Ag layer on a CNT film and another substrate, then faced them each other, and applied pressure of 3 MPa for 120 s at room temperature. After separating a film and a substrate, CNT film is transferred to the other substrate as the upside was down. The top of the transferred film was uniform without protruding tubes and the tube density significantly lowered in addition.
In case of screen-printed cathode, posttreatment, tapping, substantially increases the number of tubes and vertically aligns them to the substrate. After final firing of organic binder, the surface of screen-printed cathode usually shows a corrugated surface with spare tubes. To make the tube active during field emission, a mechanical approach has been made by applying a stick tape. Placing, rubbing, and pulling off a sticky tape successfully modify the surface of cathode morphology, resulting in numerous tubes in a vertical direction, as shown in Figs. 9(a) and 9(b) . [84] [85] [86] The physical activation, employed also for cathode prepared by dip coating and spray method, has proved itself to be beneficial in controlling the tube density as well. 35, 40 The effect of taping is well manifested in SEM images and I-V curves in Figs. 9(b)  and 9(c) . This contact-mode approach needs more efforts to optimize the effect since the degree of the taping effect is sensitive to the applied pressure and stickiness of tape. Another activation method with a similar result is applying a strong electrical field. So, tubes lying on a substrate raise themselves along the electric field. 87 Regardless of fabrication method, emission uniformity is an issue of significance and it heavily relies on the cathode morphology. If the surface morphology is rough, the emission pattern shows scattered local emission. The local emission is not a result only from a nonuniform tube population, but it could be from a few protruding tubes. This means that, in addition to homogeneous population of CNT emitter on the surface of cathode, the uniformity in height over the cathode is crucial in prohibiting local emissions. To trim off tubes much longer than its neighborhood, selective burning is necessary. Resistive heating takes a few days and increases a possibility of vacuum breakdown. Therefore, gas-phase oxidation, in oxygen ambient, at the very end of hot CNT reduces the risk of vacuum breakdown and high voltage annealing times.
Shining a laser to cathode did not change cathode morphologies so dramatic comparing to plasma treatment. Nevertheless, laser irradiation increased field emission current by cleaning the surface of tubes. Laser irradiation produces encouraging results mostly on printed cathodes, on which laser cleaned up carbon nanotubes coated with organic materials. Therefore, effect of laser irradiation on a cathode depends on wavelength, ambient gases, laser power, and exposure times. 88 For instance, in shining two different UV lasers with the wavelength of 349 nm and 266 nm, Zhao and his coworker observed that wavelength of 266 nm gave more emission current. In addition, the similar increase of emission current was found in air rather than in vacuum. Their observations imply that 266 nm is more powerful to break chemical bonds of organic binder and the oxidation is more active in air. Therefore, UV laser irradiation clean CNT surface through photo-decomposition and photo-oxidation effects rather than photo-thermal effect.
Kim et al. have reported a very useful technique that can straighten serpent tubes using Ar ion bombardment. Irradiation of Ar ion on tubes straightened up curled ones permanently although it is observed that D/G band intensity increased considerably. This leaded to a low turn-on voltage by increasing the ratio of height to diameter. 89 
Protective layer
To enhance and preserve emission performance from ion bombardment, chemical contamination, and resistive heating, various protective materials have been coated on the apex area of metal tip. [90] [91] [92] The criterion for choosing protective materials is chemical inertness, mechanical hardness, electrical conductivity, electronic structures, and thermal conductivity. For coating materials, diamond-like carbons (DLC), composed by sp 2 and sp 3 carbon, are a good electric and thermal conductor, and physically hard as well due to tetrahedral sp 3 bonds. The deposition of the DLC up to 20 nm reduced a turn-on voltage from 2.6 V/µm to 1.5 V/µm. 93 However, such an advantageous effect demised as the coating thickness grow to 50 nm. Therefore, in depositing protective layers, the thickness that gives rise to improved emission stability and current should be controllable. Oxide materials like MgO and SiO 2 were deposited with different thickness on CNT emitters. 94 The thin insulating layer insures CNT emitters in oxygen environment. Without those layers, CNTs showed a significant decrease in emission current in oxygen gases. Furthermore, emission properties are improved as thin layer of oxides is deposited. The optimum layer thickness is different depending on the material. Roughly, the layer thickness of 10 nm improved emission performance for MgO and SiO 2 . However, as the layer thickness grows, it causes a negative effective by increasing the turn-on voltage and reducing the emission current, as shown in Figs. 10(a) and 10(b) . In the figures, MgO and SiO 2 insulating layers showed prominent performance at 120Å and 100Å, respectively.
Applications
Prototypes of some commercial products have been demonstrated. During the last decade, many studies reported various applications such as luminescent tubes, back-light unit, field emission display, microwave amplifier, X-ray gun, point electron source, and even ionization gauge. 27,95-99 Among these devices, presumably FED would generate larger impact to our society than other devices. Continuously growing flat panel display (FPD) market and several superior properties of FED to the current liquid crystal display (LCD), plasma display panel (PDP), and organic light emitting diode (OLED) have been the driving force for industries and academics to continue researches for the development of FED. In spite of well-established fabrication technologies, high production expense, tip degradation, and difficulty in scale-up lead Mo tip-based FED to be uncompetitive to other types of flat panel display in the market. As the size of cathode becomes larger, the nonuniformity and production cost increase rapidly.
To overcome problems of scalability and production cost which were observed from a large area Mo tip FED, a new concept for low cost and scalable cathode fabrication are proposed by Wang et al. 100 The first CNT-FED cannot adapt a convention evaporation technique for refractory metals. For the fabrication of CNT-based cathode, a paste made of CNTs and epoxy was squeezed into microtrenches, 200 µm wide and 100 µm deep, on a glass substrate. Emitter density of the printed cathode was about two tubes/µm 2 . A panel, 1 × 1 cm 2 , in diode structure successfully operates inside a vacuum system at the applied voltage of 300 V.
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Fully sealed FED 4.5 in. diagonal has been demonstrated with high brightness of 1800 cd/cm 2 by Choi et al. 27 In order to achieve operable pressure, nonevaporable getter was used to pump residual gases inside a display panel. The cathode was prepared by screen-printing. After firing the composite, pretreatments such as rubbing and electric field conditioning was carried out to align the embedded CNTs in vertical direction. 101 The fully sealed diode-type display (200 µm glass spacer) turned on less than 1 V/µm and emitted 1.5 mA at 3 V/µm. The matrix-addressed CNT-FED proves that cathode array produced from mechanical printing is scalable, enabling to enlarge the panel without limitation in size and with low production cost. Figure 11 is a 35-inch high definition CNT-FED lately demonstrated by Samsung SDI Co.
In secondary electron emission (SEE), the valence electrons are released from host atoms by bombarding from energetic incident electrons. Since these valence electrons do not loose the energy from an inelastic collision with conduction electrons, those electrons that finally arrived at the surface can escape into the vacuum as long as their kinetic energy is larger than the work function. In general, large yield of the second electron emission (SEE) has been reported from insulator materials such as MgO, SiO 2 , and diamond with sparse free electrons in conduction band. In SEE application, CNT can assist the electron emission by intensifying electric field at the cap area. An exemplary application of electron multiplier was demonstrated for the first time by Yi et al. 102 In their experiment, vertically aligned CVD-grown MWCNTs are coated with MgO, a SEE material. As they bombarded the surface of MgO, huge electron emission was detected with this geometry. The SEE yield was measured to be 22 000 and very sensitive to the voltage applied to MWCNTs. 103 This valve is promisingly large comparing to MgO by itself, of which SEE yield is about 800. Kim et al. proposed that the incorporation of Townsend avalanche effect together with field amplification at the tip of MWCNT is responsible for huge SEE from MgO film. Large field enhancement factor of CNTs highly exaggerates the electric field at the tip and triggers the secondary electron emission. The field enhancement factor of MWCNTs is about 1000-2000. The thickness of MgO layer is also one of the critical parameters determining SEE yield. The amplification phenomenon is most prominent at the nominal thickness of about 500-2000˙Å.
Luminescent lighting elements using CNTs have been successfully demonstrated. 99, [104] [105] [106] All these applications are operated on emitted electrons that are accelerated to phosphor screen for the luminescence. The shape of light element varies to a point, line, and area depending on applications. For instance, Satio et al. developed a flashlight that is structured with triode electrodes. The technical advancements that were accomplished using CNTs, compared to an incandescent light, are better environmental and emission stability and low power consumption. This device can operate in high vacuum range and still sustain stable emission currents over 4000 hours. In addition to these, the intensity of luminance is twice brighter than the conventional ones. 107 Cylindrical lighting element was demonstrated by Bonard and his colleagues. 105 The luminescent tube has a W wire that is covered with CVD-grown MWCNTs and the wire is positioned at the center of tube, as shown in Fig. 12 . To maximize the phosphor efficiency, a bias of 5.4 kV was applied between W wire and a glass tube. The brightness from this tube with 50 mm long and 21 mm wide was reported to be 10 000 cd/cm 2 , which is comparable to the present fluorescence tube whereas the power consumption is higher due to a low efficiency.
Large area luminescent panel was also developed for the application to LCD on which liquid crystal molecules block or pass the light to display the information. Current backlight unit (BLU) in LCD uses an array of fluorescence tubes that has mercury vapors to enhance the luminescence yield. LCD has low power efficiency because all the films that are used to homogenize brightness significantly cut off light intensity. In addition, mercury vapors inside a fluorescence tube are continuously issuing environmental attentions. To overcome technological and environmental challenges, field emission BLU could be another alternative areal light source for LCD, as shown in Figs. 13(a) and 13(b). Figure 13(a) shows the cathode prepared with screen-printing method. Applying a bias of 1.5 kV lights a 3.5-inch flat panel lamp in Fig. 13(b) .
Current X-ray tube in the market utilizes electrons from a tungsten filament at above 2000 • C. Problems naturally possessed in thermionic electron emission are a low response time, thermal aging of surrounding parts, wide energy distribution of thermal electrons, and low spatial resolution due to extended dimension. Also, the chemical reaction with residual gases inside X-ray tube always shortens the lifetime and degrades the performance. In order to liberate the current X-ray tube from the above-mentioned problems, replacing the hot cathode with the CNT-based cold cathode has been achieved by Zhou's group. 96, 108, 109 The first CNT-based X-ray tube that was presented by Sugie et al. emitted low current due to a weak adhesion of CNTs on a substrate. 110 Such an adhesion problem was resolved by using a metal adhesion layer. Yue et al. deposited CNTs on a substrate with an iron adhesive layer using dielectrophoretic deposition. Using a metal layer enhanced not only an emission current, but also a stability. 36 In the study, a cathode easily yielded current density of 30 mA/cm 2 with negligible fluctuations during the operation for 18 hours. The above results show that the CNT-based X-ray tube seems to overcome the technical difficulties in the present X-ray tube such as lifetime, environmental stability, and portability. In addition to those, field emission-type X-ray gun can significantly reduce the unnecessary dosage during imaging living organs. Furthermore, it produces still shots of the target in motion by synchronizing gating bias.
In addition to the above technical leaps of CNT-based X-ray gun over conventional ones, array type of X-ray tube was shown in Fig. 14(a) . 108 In the figure, the array included five individual X-ray sources. Each emitter in the array can be switched on or off respectively using MOSFET control circuit that operated at 5 V signal. Therefore, all emitting elements are under a gate bias, but only the X-ray gun whose channel was opened is able to produce X-ray. The sequential channel opening of MOSFET circuit provides projection images of the target at different angle. Superimposing the image from each pixel contributes to tomographic image of the target. Figures 14(c)-14 (e) are superposition images of a circuit board taken from five array of X-ray gun. These images demonstrate the potential use of CNT-based X-ray gun for laminography and tomography. Figure 14(c) is one of the five projection images of the circuit board with overlapping circuit planes. Five projection images were processed using a simple add and subtract algorithm developed for multilayer tomosynthesis. After the tomosynthesis, Figs. 14(d) and 14(e) with different focusing planes clearly reveal different layered structures. The thick wire seen in Fig. 14(c) was removed and the structures underneath that wire clearly showed up in Fig. 14(e) .
X-ray gun developed from Zhou's group has shown a high special resolution of 30 µm, comparable to thermionic type gun in the market. 111 The spatial resolution is determined by the cathode shape and applied bias to focusing lenses, but not the gate bias. It is reported that gate voltage changes the spot size less than 1%. Since the incidence electrons are oblique to the anode, the projected image of cathode produces noncircular spot. To compensate the distortion on the emitter pattern, elliptical cathode was examined under triode structure. In the test, the elliptical shape gives a rise to an isotropic focal spot. Furthermore, the diameter of focal spot is very linearly proportional to the size of cathode. This contributes to enhance spatial resolutions. The emission from an individual CNT can constitute a point emitter. Not only intrinsic emission behaviors, but also optical performance of an isolated CNT have been examined by de Jonge et al. 98, 112, 113 According to them, CNT exhibited better emission stability than current W field emitter. The stability was achievable at a moderate temperature rather than at room temperature. Once again, this indicates that gas molecules on the CNT cap are an origin of current fluctuation. One of the most important parameters for electrooptical source is a reduced brightness since the high brightness contributes to a high spatial resolution. The reduced brightness of CNT is about 10 times higher or bigger than the currently available field emitters.
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In the characterization of CNT as a point source, the radius of virtual source was found to be quite large regardless of its narrow diameter. In conventional emitters, the emitting area is supposed to be hemispherical. As tracing the trajectory of extracted electrons, the lines converge to a very small area, from which electrons are assumed to be originated. The small area is called a virtual source. The size of virtual source in a hemispherical source is very small comparing to the radius of metal emitter. However, in some case, the virtual source diameter on a CNT is comparable to the tube diameter. This may imply that the emitting is taking place only in some fraction of CNT cap-like edges of flat cap. The temporal and spatial coherence of a single CNT emitter opens an application of electron gun for electron microscopes and scientific instruments requiring a monochromatic electron beam.
Another application of CNT to scientific instrumentation is an ionization gauge and a halogen gas detector. CNT films grown on a substrate using a CVD method provides numerous emitters. Among them, only tubes protruding above their neighboring tubes are involved in field ionization. Helium is one of the most stable gases that decomposition rate of this gas is very low. However, protruding CNT emitters ionized He gases in multiple sites over the film that the concentration of the ionized He gases grew into a detectable range. 114 In the application of ionization gauge, CNT facilitated the decomposition of residual gases and the ionization current showed a good linearity to the pressure ranging from 10 −6 to 10 −10 torr. 115 Figure 15 (a) is a schematic diagram of ionization gauge. For a higher electron transmission through a gate electrode and higher ionization efficiency, thoughtful selections on gate and anode voltage should be made. The ratio of gate to anode voltage is crucial not only to increase ionization efficiency, but also to decrease outgassing from a gate electrode. In Fig. 15(b) , the measured linearity and sensitivity are examined using nitrogen gases within the pressure range from 1 × 10 −6 torr to 1 × 10 −10 . The measurement accuracy is less than ± 10% in ultra high vacuum range and becomes less than ± 5% in high vacuum range, which may find an application in ultrahigh vacuum. During the detection of residual gas species, the sensitivity and ion current varies due to the electro-stimulated desorption of adsorbed gas molecules on gate electrodes rather than CNTs.
Summary
In this paper, we have reviewed scientific observations from field emission of CNTs and technological advancements in the realization of CNT-based emission devices. In vacuum micro-electron devices, the cathode is an essential part. CNT, such a fine needle-like structure, may be advantages to achieve the field emission by using a current driving IC chip. However, some of the technical impediments like uniformity, lifetime, and stability may arise from the smallness of CNTs. In other words, the small size of emitters brings up technical difficulty in the device fabrication.
For instance, positioning, controlling the density, and trimming the height of emitters in FED are still serious problems. These issues are not restricted to CNTs. With any nanomaterials, we can face such problems if they are engaged into a device. Newly employed fabrication process such as screen printing, spray, dip-coating, and electrophoresis take advantages of the physical size of emitter material itself. So, these techniques are effective to handle a herd of CNTs in macroscale. In microscale, the fine control of tube density, uniformity, and homogenous morphology of cathode surface may not facilitate. Nevertheless, Xray gun using CNTs have been in the market. We are expecting more various forms of commercial and/or scientific products. The availability of CNTs-based emission device in the market, in future, may depend on how CNTs to be handled and managed to be an element of a device. Within this respect, future researches on CNT-based vacuum microelectronic device still need to focus on the emission characteristic of both standalone and device-integrated CNTs and fabrication method that is able to regulate the positing, density, and uniformity of emitters inside each pixel.
